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Abstract: We report the design, construction, and functional characteristics of a sealable, portable chamber for
measuring benthic metabolic process rates, particularly those under unidirectional ﬂow as found in streams. The
design optimizes inherent tradeoﬀs, such as size, stability, and cost, associated with chambers built for ﬁeld-based
measurements. The chamber is small enough to be portable and minimizes the water-volume:benthic surface-
area ratio. In addition, the chamber is clear to allow measurement of photosynthetic rates. The design minimizes
power draw to sustain water velocities found at stream ﬁeld sites and is modular to allow easy disassembly and
cleaning. The design is relatively simple, thereby increasing sturdiness, minimizing construction costs, and de-
creasing the expertise required to build the unit. We demonstrated the performance characteristics, speciﬁcally
amperage needed to achieve desired water velocity, ﬂow heterogeneity and turbulence in the working area, the
degree of isolation from atmosphere, mixing rate of solute injectate, and heating rate of the chamber. We provide
proof of concept with data for in situ benthic rates (gross community production, community respiration, and
NH4
+ uptake). Publications on metabolic chambers built for in situ use do not typically report performance char-
acteristics, so it is diﬃcult to compare our design to existing literature. We include chamber characteristics to
clarify the advantages and limitations of benthic rates measured in such chambers.
Key words: patch-scale measurements, benthic metabolism, nutrient uptake, air-tight seal
Streams and rivers have global biogeochemical importance
(Beaulieu et al. 2011), inﬂuence water quality, and trans-
port materials downstream (Mulholland et al. 2008). Most
metabolic activity, even in the largest rivers (Dodds et al.
2013), is associated with benthic sediments and nutrient re-
tention (Alexander et al. 2000). The ecological process rates
in benthic substrata depend primarily onwater velocity, tem-
perature, and light (DeNicola 1996, Berninger and Huettel
1997, Dodds et al. 1999). Thus, equipment to assess benthic
activities must enable control of these variables. Chambers
that can be sealed against the outside atmosphere are neces-
sary for some measurements that require estimation of ﬂux
of a dissolved gaseous phase (e.g., denitriﬁcation, respiration,
photosynthesis, methanogenesis).
The sealed-chamber approach, in which benthic sub-
strata are removed and placed in a closed-system cham-
ber capable of reproducing the ﬂow characteristics of the
stream, has been used to make metabolic measurements
at small spatial scales (e.g., Bott et al. 1997). Several ap-
proaches can be taken to construct such chambers, but
they carry tradeoﬀs in design and desired study objectives
(Dodds and Brock 1998). Tradeoﬀs include ease of use and
the cost and complexity of construction. Simpler designs
may be easier to use and cheaper to build but may be un-
able to recreate ﬂow conditions encountered in the ﬁeld.
Chambers that enable researchers to control temperature
and to duplicate in situ light conditions are preferred, but
those 2 tasks often interact because sunlight heats the cham-
bers. Fundamental properties of recirculating design and
circulation have been discussed by Vogel (1996), who con-
sidered attaining laminar ﬂow and moving water with min-
imal energy costs and economic construction strategies.
Dodds and Brock (1998) moved that approach to the ﬁeld
by designing a portable, submersible, sealable, transparent
chamber with minimal power consumption. We started our
design process based on the principles presented in these
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publications, but we addressed issues, such as portability,
durability, maintenance, and chamber-volume:sample-area
ratio, that arose from past designs.
Here we describe a new recirculating metabolic cham-
ber designed to optimize several criteria. First, we wanted
to be able to recreate realistic water velocities and maintain
stable water temperature. Second, the chambers had to be
sealed to allow measurements of changes in dissolved gas
concentrations. Third, we wanted to maximize portability
and sturdiness and to minimize power consumption so
the chambers could be used in the ﬁeld rather than being
limited to laboratory applications. Fourth, the design of
the chambers had to be simple so they would be easy to
clean and repair (replaceable individual parts). Fifth, the
chambers had to be partially submersible to allow temper-
ature control if needed. Last, we wanted to use aﬀordable
and easily obtained materials for construction. Below we
detail the necessary parts, construction details, and perfor-
mance characteristics of our chamber design based on the
above criteria.
METHODS
The following basic features were required to meet our
criteria: 1) chamber body built as one unit with reinforced
seams for best durability, 2) a relatively large internal pro-
peller driven by an external motor to move water with min-
imal power required and to avoid heating chamber wa-
ter, 3) a way to connect an external motor to an internal
propeller while maintaining a seal, 4) chamber openings
(except for the drain port) at the top of the chamber to
minimize pressure-induced leakage and to allow partial to
complete submersion of the chamber if needed for temper-
ature control, 5) power supply with minimal power con-
sumption, 6) modest size to allow transportation to remote
sites, and 7) minimal chamber-volume:sample-area ratio to
minimize the time needed to make each measurement (i.e.,
to minimize enclosure eﬀects and obtain faster detection of
changes).
The chambers include many pieces that can be ob-
tained from online sources (Table 1), as can the speciﬁc
procedures for assembly of the chamber. We describe key
parts and construction below, and we provide supplemen-
tary materials (Table S1, Appendices S1, S2) and videos for
construction and use (Videos S1–S6), and dimensions (for
use with a router) of all pieces (AutoCAD Drawing ﬁles
[.DWG] that can be exported as machine-readable ﬁles;
Appendices S1a, b). All measurements are given in inches
(in) and feet (ft) with metric equivalents because the ma-
terials and parts were sold using those units.
Materials
We built chambers of clear (92% transmittance of pho-
tosynthetically active radiation [PAR]) acrylic plastic (US
Plastics®, Lima, Ohio). We used 0.375-in-thick (0.95 cm)
plastic pieces for the outside walls and chamber lid, but
constructed inside pieces from 0.25-in (0.64 cm) plastic
to reduce cost and weight of the chamber. We cut large
sheets of acrylic plastic to size with a computerized router
at the Kansas State University campus (Appendices S1a,
b). Pieces can be cut with mechanical saws, but this process
may result in edges that are rougher and require more
work to smooth to create a tight seal. We recommend cut-
ting by hand only for low-tolerance or replacement parts.
All pieces require smoothing with a carbide scraper, ﬁle,
and wetable (i.e., wet/dry) sandpaper to ensure smooth sur-
faces for tight seals. We programmed the router to drill the
holes necessary for screws, the probe portal, shaft connec-
tion, and drain hole. We tapped screw holes by hand before
the pieces were connected. A few holes were on the edges
of cuts (e.g., holes for link-lock hooks on the lid) and could
not be drilled by the router, so we drilled them by hand on
a drill press.
Construction
We provide detailed instructions for construction of a
chamber in the supplemental materials (Videos S1–S6)
and highly recommend that users view these videos before
constructing and using chambers. However, we emphasize
the most important steps here. The chamber has 4 main
parts: 1) the outside box (Fig. 1A, B, C), 2) the dead-space
box (Fig. 1D, E), the motor/propeller housing (Fig. 1H, I),
and 4) the lid (see Appendix S2 for a CAD model [open-
source software FreeCAD]).
First, we constructed the outside box with an inside table
(Fig. 1A–C). We connected the side edges to the bottom,
making sure the pieces were properly oriented (Fig. 1A, B,
Table 2, Video S1). We began with an end piece (B1), fol-
lowed by a side piece (C1), the other end piece (B2), and the
other side (C2). End pieces (B1, B2) are interchangeable,
but the holes for the link-locks must be on top and outside
the chamber. On each side piece (C1, C2), the holes for
link-lock attachment should be on top and outside the
chamber, and the end of each piece with holes at a larger
distance from the end should be at the chamber end with
the drain hole (Fig. 1A, B, Fig. 2A). We positioned each
piece, held it in place with clamps (corner clamps and
standard bar clamps to achieve compression), and applied
acrylic cement to the seam to seal the pieces together. A
good working seal required ∼15 min and a full-strength
seal ∼12 h of compression. Our next step was to install
the triangular corner reinforcement pieces (D) (Fig. 1B,
Video S2). The next pieces aﬃxed to the outer box were
the stilts (E) on which a removable sample platform (table;
G) rests to support the sample and to separate the re-
turn ﬂow from the ﬂow across the sample. The stilts also
strengthen the bottom chamber seams. We cut the stilt
pieces (E) at a 45° angle on one end to conform to the
triangular reinforcement pieces on the side with the drain
834 | Portable, recirculating metabolic chamber J. Rüegg et al.
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hole. We compressed the stilt pieces with a cable turn-
buckle to achieve outward pressure while the cement was
curing. We cemented small pieces (longitudinal holders;
F) to hold the dead-space box in position (Fig. 1C). Last,
we attached the 10 link-locks to seal the lid and the motor
housing.
We constructed 2 elements inside the chamber to create
and direct ﬂow: the dead-space box (spacer box) (Fig. 1D,
E) and the motor/propeller housing (Fig. 1H, I). Water
circulates in a vertical loop. It ﬂows below the table (G) and
the spacer box, rises and ﬂows between the spacer box and
the end of the chamber, then ﬂows over the spacer box
under the lid, through the sampling area, and down at the
opposite end where the propeller pushes the water under
the sampling platform (Fig. 2A). We constructed the fully
enclosed spacer box by cementing pieces in a speciﬁc or-
der. First, we attached a front/back (I1, I2) to a top/bottom
piece (H1, H2) to make 2 L-shaped sets, which were then
connected (Fig. 1D). Second, we cemented the side pieces
(J1, J2) to close the box and attached the holder bar (K;
Fig. 1E), which prevents the sample table (G) from ﬂoat-
ing. Last, we attached 2 vertical holder pieces (L; Fig. 1F)
to the outside of the outer box to prevent it from moving
upward.
Next, we built the propeller housing (motor housing),
which holds the propeller and motor in place and creates
ﬂow in the chamber (Videos S3, S4). We removed the
connection ends of a polyvinyl chloride (PVC) elbow (3-in
diameter, female, 90° angle) with a radial arm saw and cut
part of the end perpendicular to the vertical opening so
the bottom of the elbow would be ﬂush with the bottom
of chamber to a height of 3.5 in (8.9 cm; Fig. 1G). We af-
ﬁxed the elbow to a plastic holder plate (M) with screws
(see Appendices S1b, S2 for exact placement of holes). We
kept the holder plate level with 2 triangular supports (N1,
N2) ﬁt into the cutout covers of the holder plate (M) and
2 stilts (O1, O2) along the outside edge. The front of the
propeller housing has an acrylic piece attached at a 45°
angle with 2 triangular holders (P1, P2) (Fig. 1H) to direct
and separate the ﬂow paths and to hold the table in place
(ramp [Q]). The top of the propeller housing (R) holds the
sampling (S) and ﬁll (T) ports, and the propeller motor and
Figure 1. Schematics showing the steps necessary to construct a chamber. A.—Starting the outer box. B.—Finishing outer chamber
and adding corner pieces. C.—Final parts of the outer chamber. D and E.—Dead space (spacer) box. F.—Fitting spacer box into the
main body of the chamber. G.—Schematic for cutting the polyvinyl chloride (PVC) elbow. H and I.—Propeller/motor housing (PVC
not shown). See Table 2 for detailed description of acrylic pieces. Appendices S1a, b, and S2 provide router-readable ﬁles for cutting
acrylic pieces and a CAD model of the chamber, respectively.
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is fashioned to allow the chamber and the lid to be sealed
together (Fig. 2A).
The propeller was connected to the motor with a drive
shaft (Video S5, Fig. S1). The brass drive shaft was held in
place by a brass sleeve with a slightly larger inner diame-
ter than the outer diameter of the shaft (Table 1). Outside
the chamber, we attached the brass sleeve to the motor
by a coupler with 2 set-screws. We used a small (12V,
5150 rpm, 0.89 A DC) motor to power the propeller, but
larger motors with more power draw could be used. The
top of the shaft passes through the outside of the cham-
ber and is held in place with a rubber stopper. An acrylic
tube attached to the top of the housing and protruding
into the chamber toward the center of the PVC input has
3 nylon screws that hold the brass sleeve and are used to
make ﬁne adjustments for propeller placement. A small
piece of plastic tubing around the brass sleeve creates a
point of contact to allow better positioning by the nylon
screws. The propeller is attached with a set-screw at the
bottom of the shaft. This design does not oﬀer an abso-
lute seal, but because the tolerances of shaft, brass sleeve,
and stopper are tight and are connected to the top of the
chamber, the interface with the atmosphere is minimal
(see Results). A tighter seal can be obtained with more ex-
pensive machined shafts, such as those that drive model-
boat propellers.
Last, we attached 0.375-in-wide (0.95 cm) strips of foam
sheeting (Table 1) to the edges of the chamber lid (top and
motor housing) with silicone sealer. The complete cham-
ber included the sample table, held in place by the 45°
piece of the propeller housing box and the bar of the spacer
box. An open area between the end of the chamber and
the end of the spacer box allowed water to ﬂow up and
over the sample platform back to the propeller housing box
(Fig. 2A, B).
Power supply
We designed the chambers to run on a 12-V battery in
the ﬁeld or connected to a 12-V DC power transformer in
the laboratory. The motor was connected to a power sup-
ply box that allowed us to control propeller speed by reg-
ulating current by pulsing DC voltage. If power availability
is not a factor, resistor-based power supplies can be used
and will allow the propeller to be driven more smoothly at
lower speeds.
Cover
We needed to be able to alter light intensity in the cham-
bers when measuring metabolism (e.g., dark conditions for
measuring respiration). We made a simple rectangular fab-
ric cover that required minimal sewing or fabric glue to
hold the 4 seams (Fig. S2). We recommend opaque fabric,
such as denim/twill, gingham, jacquard, piqué, or polyester.
We cut a 2.5-in (∼6 cm) slit in the top side of the cover as
access for the O2 probe and to allow the motor to be out-
side the cover. We added Velcro® to the underside of the
fabric beside the slit to seal the fabric around the probe
and shaft, thereby minimizing light entering the chamber.
Chamber characteristics
We used a volumetric cylinder to measure the vol-
ume of water needed to ﬁll 3 chambers in the laboratory
(Video S6). We established relationships between current
and water velocity by varying current (Ampere) provided
to the motor while monitoring velocity (m/s). We used a
submerged thermistor ﬂow meter (LaBarbera and Vogel
1976, Vogel 1996) to measure velocity in the chambers
2 cm above the substratum surface (acrylic plastic piece
placed ﬂush with the spacer box) in the center of the sam-
ple table. We inserted the probe through a chamber lid
with a hole drilled in the center of the working area. We
tested for eﬀects of substratum size on velocity with 3 sam-
ple containers (10- × 10- × 6-cm strawberry baskets) in
the sample location. Substrata used were a smooth acrylic
plastic piece (placed on top of sample containers), small
pebbles (<0.2 cm), medium pebbles (mean ± SD; 0.7 ±
Figure 2. A.—Schematic of entire chamber (polyvinyl chloride
not shown) with arrows indicating direction of ﬂow. B.—Six
chambers in use.
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0.4 cm), and large pebbles (4.3 ± 1.47 cm) measured as
the median diameter of the individual rocks.
We characterized 3-dimensional ﬂow and turbulence
with an Acoustic Doppler Velocity meter (Vectrino; Nor-
tek, Boston, Massachusetts) in the working area with a
smooth acrylic plastic piece as the substratum (placed ﬂush
with the spacer box). Because of distance and size con-
straints of the probe, we were able to characterize only a
portion of the working area with a partially closed lid (open
for the last few cm before the motor housing). We were
able to measure velocity across a grid starting at the edge of
the spacer box up to about the middle of the working area.
We measured 5 points across the chamber (2.5, 4.5, 6.5,
8.5, 10.5 cm from the one side) at each of 6 transects along
the ﬂow axis (2, 4, 6, 8, 10, 12 cm from the edge of the
spacer box). We measured 1000 points at each location
(n = 30) at a frequency of 25 Hz. We calculated the turbu-
lence intensity as the mean standard deviation across all
3 axes (x, y, z) relative to mean velocity in direction of ﬂow
(x axis)  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
varx þ vary þ varzp
3meanx
!
:
We tested for isolation from atmosphere by bubbling
N2 gas into the water in the chambers to deplete the dis-
solved O2 to below saturation (79%) at 7.18 mg/L O2. We
then sealed the chambers and logged O2 using a handheld
optical O2 meter (ProODO; Yellow Springs Instruments,
Yellow Springs, Ohio) for 2 h. The O2 probe was sealed to
the top of the propeller housing box with a threaded at-
tachment piece constructed to match the probe.
We tested time to complete mixing of solutes injected
into chambers bymeasuring changes in conductivity (Model
103 digital conductivity meter placed in sampling port im-
mediately above propeller; Markson, Henderson, North Car-
olina) after injections of 3 mL saturated NaCl solution un-
der diﬀerent ﬂow regimes (slow = 0.2 A, medium = 0.5 A,
fast = 1.5 A; ∼3, 6, and 12 cm/s, respectively).
In situ chamber use on natural substrata
We conducted short-term community respiration (CR),
net community productivity (NCP), and NH4
+ uptake mea-
surements of 300 cm2 (surface area) of substratum in Kings
Creek on the Konza Prairie Biological Station outside Man-
hattan, Kansas, USA, in August 2012. We placed stream-
equilibrated substrata (one set of three 10- × 10- × 6-cm
plastic baskets/chamber) on the sample table inside 2 cham-
bers. We ﬁlled the chambers with stream water and closed
them before removing air bubbles and sealing an O2 probe
to the top of the propeller housing box. We recorded the
total volume of water needed to ﬁll the chamber without
bubbles. We placed the chambers on the stream bank close
to the stream.
After ensuring an air-tight seal, we turned the motor
on and measured O2 and temperature at 1-min intervals
while each chamber was wrapped in its cover to estimate
CR. We ran the chambers until a 1.0 mg/L decrease was
measured or 2 h had passed. We measured PAR (Odyssey
Irradiance logger; DataFlow Systems, Christchurch, New
Zealand) for the duration of the collection period at the
same 1-min interval to assess our eﬀectiveness in estab-
lishing a dark treatment. Then we removed the cover and
estimated NCP by measuring O2, temperature, and PAR
for the amount of time used to measure CR.
After measuring metabolic rates, we estimated NH4
+
uptake following procedures of O’Brien and Dodds (2008).
We added 3 mL of an ammonium chloride stock solu-
tion (5.5 gNH4Cl/L) to each chamber. The amount was
calculated to raise the background concentration of NH4
+
roughly 5×. We waited 5 min after adding the NH4
+ solu-
tion to collect the 1st sample to allow for thorough mixing,
and we took 4 more samples, spaced according to exponen-
tial mass loss. We ﬁltered the samples, placed on them on
ice, and subsequently froze them until we analyzed them
in the laboratory with the phenol-hypochlorite method
(Solorzano 1969) on a Technicon AutoAnalyzer (SEAL Ana-
lytical, Mequon, Wisconsin).
We ﬁt linear regressions to changes in O2 over time in
the dark and the light, and to changes in NH4
+ concen-
tration over time to calculate CR, NCP, and NH4
+ uptake
rates. We used chamber volume and the surface area of
substrata (3 × 100 cm2) to calculate areal hourly rates. We
also ﬁt linear regressions to calculate relationships among
current, velocity, and substrata. We did regressions in R
(version 2.15.1; R Project for Statistical Computing, Vienna,
Austria).
RESULTS
Volume and velocity
The total chamber volume without baskets or sub-
strata was 10.8 ± 0.13 L (SD; n = 3). With substrata in
the chambers, the volume decreased by as much as 1.5 L
for 6 × 10 × 30 cm samples of gravel. Thus, the actual vol-
ume to ﬁll the chambers must be measured with the sub-
strata in place for accurate estimates of metabolic and nu-
trient uptake rates to be made.
Flow velocity in the chambers ranged from 0 to 0.14 m/s
(Fig. 3A). Motor current linearly predicted water velocity
up to 1 A (simple linear regression [SLR]: velocity [m/s] =
0.106 A + 0.015; r2 = 0.70). The chambers varied slightly
in their current–velocity relationships, probably because
of small diﬀerences in power transference caused by shaft
alignment, but the relationships for all chambers were lin-
ear (SLR: r2 > 0.90; Fig. 3A). If a precise velocity is needed,
we suggest calibrating each chamber with ﬂow meters be-
fore use. Substratum type did not aﬀect the current–velocity
relationships (Fig. 3B). Achieving low velocities (<0.03 m/s)
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was diﬃcult because we used a pulsed power control. These
low velocities could be achieved with a different motor or
a variable-resistor power control.
Flow velocities were relatively consistent across the work-
ing area (Fig. 4A, D, G), velocities perpendicular to ﬂow
were a fraction of main ﬂow velocities (Fig. 4B, E, H), and
turbulence was lowest at intermediate current (Fig. 4C, F, I).
At low current (0.2 A), ﬂow velocity ranged from 0.02 to
0.12 m/s with an average velocity of 0.04 m/s. The high
velocities can be attributed to one localized area (Fig. 4A).
At medium current (0.5 A), ﬂow velocities ranged from
0.07 to 0.13 m/s with an average of 0.10 m/s (Fig. 4D),
whereas high current (1.5 A) produced velocities that ranged
from 0.10 to 0.17 m/s with an average of 0.14 m/s (Fig. 4G).
Thus, velocities varied <15% (coeﬃcient of variation) at the
higher amperages. Velocities perpendicular to main ﬂow
directions were low (Fig. 4B, E, H) and ranged from –0.10
to 0.05 m/s across all current settings. Turbulence inten-
sity was lowest at the medium current setting (Fig. 4F) and
increased with higher current. However, some of the tur-
bulence at higher current settings may have been because
the lid was not closed all the way to allow access for the
probe.
Isolation from atmosphere
The experimentally reduced O2 in a chamber increased
linearly over time as the chamber equilibrated with the out-
side atmosphere (SLR: slope = 0.0006 mg O2 L
–1 min–1;
r2 = 0.907), and gained ∼0.03 mg O2 L
–1 h–1 via atmo-
spheric exchange (Fig. 5A). The O2 probes we used gen-
erally drifted substantially less (0.01 mg O2 L
–1 d–1), but
the 0.01 mg O2/L precision of the meters placed us just
inside the limits of the probe to detect the slight exchange
with the atmosphere. Thus, the chambers are not com-
pletely sealed from the atmosphere and should be used for
the shortest possible incubation times. Given the area of
the sample holding compartment (0.03 m2) and assuming
a chamber volume of 10 L, the rate of exchange could re-
sult in an error of 10 mg m–2 h–1, ∼1/20th the rates mea-
sured in our ﬁeld trials.
Solute mixing patterns
Solutes were mixed completely <1 min after addition
(range: 10–50 s). The mixing time was slightly dependent
on ﬂow velocity, and faster ﬂows lead to faster mixing
(Fig. 5B–D). We also varied location of injection for me-
dium velocities, and injections closer to the propeller mixed
faster (20 s at the medium current setting [0.5 A]).
Field assessment of metabolic and nutrient
uptake rates
We provide representative data from one of our mea-
surement series to illustrate performance characteristics
of the chambers in the ﬁeld. Field incubations shown here
were done at extreme conditions (>40°C air temperature
under full sun), but chambers were on land rather than
partially submerged in the stream for this trial. Tempera-
ture increased over the course of these measurements at a
rate of ∼1°C/h regardless of whether chambers were cov-
ered (SLR: slopes = 0.026 and 0.019°C/min for chambers 1
and 2, respectively; r2 > 0.970) (Fig. 6A).
The dark cover reduced light levels to below detection.
O2 decreased in the dark and increased in the light in both
chambers (Fig. 6A, Table 3). To test the shortest appropri-
ate sampling period, we compared slopes for the ﬁrst 5 to
30 min in 1-min steps and found that after a 12-min sam-
pling period slopes changed <5%/additional minute. We
converted slopes to rates for CR (dark treatments), NCP
(light treatments), and NH4
+ uptake (see below) as:
Figure 3. Relationships between current provided to the mo-
tor and ﬂow velocity in the chambers separated by individual
chambers (to visualize variance) (A) and with diﬀerent sub-
strata in chamber 2 (B). Substrata used were a smooth plastic
top, small pebbles (<0.2 cm), medium pebbles (0.7 ± 0.4 cm),
and large pebbles (4.3 ± 1.47 cm). All lines represent linear
regressions.
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rate ð½g O2 OR ½mg NHþ4 −Nm−2 h−1Þ ¼
slope ðmg OR μg L−1min−1Þ  60ðmin=hÞ  chamber volumeðLÞ
area ðm2Þ  1000ðmg=g OR μg=mgÞ
(Eq. 1)
where chamber volume was 10.0 and 10.2 L for chambers 1
and 2, respectively, and surface area of sample baskets was
0.03 m2. CR was 0.220 and 0.306 g O2 m
–2 h–1 for
chambers 1 and 2, respectively. Gross community pro-
duction (GCP) as the sum of CR and NCP was 0.560 and
0.469 g O2 m
–2 h–1, respectively.
NH4
+ concentrations decreased linearly during the cham-
ber run. NH4
+ concentration decreased by ⅙ in 120 min and
⅓ in 60 min for chambers 1 and 2, respectively (Fig. 6B,
Table 3). Similar to calculations for CR, the slopes indicate
a nutrient uptake of 0.016 and 0.046 mg NH4
+-N m–2 h–1,
respectively.
The chambers were deployed at 5 stream sites (Puerto
Rico, North Carolina, Kansas, and 2 Alaskan sites). We
shipped sets of 7 chambers from Kansas to Puerto Rico,
Georgia, and Alaska by commercial carriers. Chambers were
transported in boxes with 2-cm thick foam padding, placed
in the bed of a pickup truck, carried by all-terrain vehicles
on rough paths, or in a helicopter sling load. Seven cham-
bers were made available at each site under demanding con-
ditions and none of the 35 chambers failed after a series
of ﬁeld metabolic and nutrient uptake measurements. The
chambers were hardy enough to withstand shipping, trans-
port, and ﬁeld conditions without incident. However, cham-
bers still should be moved with care, and we do not advise
lifting them when full because of the increase in mechanical
stress with greater mass.
Individual chambers are relatively light (7 kg) and can
be easily carried under one arm or stacked and strapped
to a frame backpack. All parts needed to run the cham-
bers can ﬁt inside its chamber, and up to 6 chambers can
be run for a few hours with 1 portable 12-V battery. Up to
16 sets of samples have been analyzed for CR, gross pri-
Figure 4. Flow proﬁles of a portion of a chamber working area with motor currents of 0.2 A (A–C), 0.5 A (D–F), and 1.5 A (G–I)
showing velocity proﬁles in the direction of ﬂow (x) (A, D, G), mean velocities of the cross-sectional plane (y and z) (B, E, H), and
turbulence intensity (mean standard deviation of x, y, and z axes relative to mean velocity in direction of ﬂow) (C, F, I).
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mary production (GPP), and NH4
+ uptake in the span of a
ﬁeld day using 6 chambers.
DISCUSSION
We presented a design for an easy-to-build, inexpen-
sive chamber that can replicate ﬁeld conditions and can
be used to measure biogeochemical activity of benthic sub-
strata under unidirectional ﬂow conditions. Investigators
rarely publish detailed accounts of chamber performance
characteristics or details of tradeoﬀs that arise with a spe-
ciﬁc design. Here, we present the strengths and weaknesses
we found and try to generalize the process for others who
adopt similar designs. Where possible, we also try to in-
dicate tradeoﬀs and shortcomings of our design to enable
other investigators to improve on or alter our design to meet
their speciﬁc goals.
We wanted realistic ﬂow and temperatures inside the
chambers. Flows were similar to those reported with ﬁne-
scale ﬂow measurements in real streams (Dodds 1991).
Temperatures did rise during ﬁeld conditions (∼1°C/h) in
very hot weather (>40°C), but measurements of metabo-
lism can be shortened during times of rapid linear change
in O2 associated with greater metabolic rates in warmer
waters. In our representative case, 12 min yielded reli-
able results, a period in which temperature increased by
<0.2°C. We advise testing for linearity with natural sub-
strata to estimate the shortest possible period for measure-
ments with each site’s substrata. Conditions during short
sampling periods will be more likely to resemble in-stream
temperatures and background water chemistry, and short
incubations will reduce eﬀects of incomplete seal from the
atmosphere. The appropriate period is likely to be speciﬁc
to a site and will depend on biological activity, water–air
temperature diﬀerence, and O2 saturation. If changes in
temperature are of concern, the chambers can be placed in
the stream with only the motor above water to reduce heat-
ing by surrounding air and to dissipate heat energy into
stream water.
Figure 5. Characteristics of chamber related to diﬀusion of
dissolved O2 (A) and mixing of a concentrated solution of
NaCl (measured as conductivity) with 0.2 A (B), 0.5 A (C), and
1.5 A (D) motor current (velocity) in 2 chambers.
Figure 6. Field measurements of benthic metabolism (A) and
nutrient uptake (B) in 2 chambers with sediments that had been
incubated in the stream for 30 d under diﬀerent in-stream con-
ditions. Dissolved O2 was measured every minute (except for
the dark treatment in chamber 2), whereas 5 water samples
were collected over time to estimate NH4
+. Time intervals were
based on changes in O2 (see Methods for details). Dark and light
treatments were made with a dark cover over the chamber or
ambient light, respectively.
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We required a chamber that enabled us to detect changes
in dissolved gases. Diﬀusion to the atmosphere across the
lid was minimal, but in conditions of low biological activ-
ity, such diﬀusion may become important. It might be
possible to increase seals by using an additional sealant
along the chamber lid, shaft, and probe connections. How-
ever, gas exchange/h was close to the detection limit, so a
better seal probably would have made little diﬀerence for
our applications. We suggest using a more-expensive, tighter
shaft coupling if more stringent gas-tight measurements
are required. We are unaware of diﬀusion and sealing ca-
pacity published for other ﬁeld-chamber designs, so are
unable to compare diﬀusion rates among designs.
The chambers have some inherent drawbacks that may
limit their experimental capabilities. Some of these draw-
backs can be remedied by changing the design. Velocities
for a speciﬁc amperage varied across chambers probably
because of variation in the friction of the drive-shaft seal.
If a speciﬁc velocity is needed, we suggest establishing an
amperage–velocity relationship for the speciﬁc chamber and
shaft placement. Very high water velocities, such as those
found in very rapidly ﬂowing streams, were not achieved
(maximum = 0.14 m/s). More powerful motors to drive
the propellers could remedy ﬂow limitations, but would
consume more power. We did not achieve completely lam-
inar ﬂow, and previously published work (see Vogel 1996)
suggests the chamber ﬂow area should be 3× longer than
the working area to achieve laminar ﬂow. However, 30-cm
working length for these chambers would translate into
a chamber ≥1.2 m long. Our relative dimensions are sim-
ilar to those used by Dodds and Brock (1998), and like
them, we found only moderate turbulence. Flow collima-
tors, such as those used by Dodds and Brock (1998), could
increase laminar ﬂow but would increase drag and po-
tentially decrease ﬂow velocities for similar currents pro-
vided. We needed portable chambers, so we had to ac-
cept a restriction on the size of samples and chambers. The
small chamber-volume:sample-surface area ratio allowed us
to detect changes in O2 and NH4
+ concentrations quickly.
However, a low ratio could pose a problem if biotic ac-
tivity is high (O2 and nutrients might be consumed too
quickly) or incubations had to be maintained for longer
periods (diﬃculty maintaining ambient conditions). Larger
dimensions could easily solve this issue, but larger cham-
bers would be less durable and thicker acrylic rapidly
increases weight and cost. If more realistic light spectral
characteristics are needed, more expensive ultraviolet-light-
transparent plastic is available (see Dodds and Brock 1998).
Thus, the chambers can be adapted in several ways to
address drawbacks, but most alterations will aﬀect one
of the other objectives set for the chamber design pre-
sented. Our design is robust, portable, and cheap and pro-
vides chamber conditions that are representative of in-
stream ﬂow, light, and temperature conditions.
The chambers also have considerable advantages. Con-
struction is relatively straightforward, and the design is
simple and modular. Perhaps the most important recom-
mendation in construction is to cut the plastic as cleanly
as possible. Construction time decreases and ease of ob-
taining water-tight seals increases dramatically when edges
of pieces require little smoothing. The modular design
helped when cleaning chambers in the ﬁeld because parts
could be rinsed separately in the stream and reassembled
easily. Parts can be exchanged among chambers, so if one
part breaks, parts can be borrowed from a chamber not in
use. All materials were ordered online or bought at a local
hardware store, and materials can easily be obtained to ﬁx
any broken parts rather than having to replace the entire
chamber. The largest expenses were the acrylic plastic
pieces (∼$US250/chamber for plastic and ∼$US50 for
specialized cutting) and labor. Building the chambers took
∼15 person-hours depending on other tasks during wait
times. Our labor costs were low (skilled undergraduate help,
on-campus machine cutting), but using a machinist could
make labor the greatest cost. Our costs/chamber (based on
bulk purchase of parts to build 35 chambers) were $US400
for materials and parts (Table 1) and $US50 for cutting. In
addition, salary for ∼15 h of construction labor/chamber
was required (∼$US175 in our case) resulting in a total of
$US625 for each chamber.
Comments and recommendations
The chambers can be modiﬁed easily for studies of
other stream organisms, substrate types, or processes. We
have used the chambers for measuring respiration rates
Table 3. Field measurements of metabolic rates (negative values indicate consumption) made with 2 sets of incubated substrata in
2 diﬀerent chambers. For original data used in the regressions see Fig. 6.
Measured rate Chamber Slope r2 Rate based on Eq. 1
Community respiration: dark 1 –0.011 mg O2 min
–1 L–1 0.994 –0.220 g O2 m
–2 h–1
2 –0.015 mg O2 min
–1 L–1 0.997 –0.306 g O2 m
–2 h–1
Net community production: light 1 0.017 mg O2 min
–1 L–1 0.992 0.340 g O2 m
–2 h–1
2 0.008 mg O2 min
–1 L–1 0.969 0.163 g O2 m
–2 h–1
NH4
+ uptake: nutrient pulse addition 1 –0.785 μg NH4
+-N min–1 L–1 0.918 –0.016 mg NH4
+-N m–2 h–1
2 –2.246 μg NH4
+-N min–1 L–1 0.987 –0.046 mg NH4
+-N m–2 h–1
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of leaves and photosynthesis and respiration of macro-
phytes by placing materials in mesh bags that were tied
to the internal sample table. With modest modiﬁcation,
these chambers could be used to measure metabolic and
excretion characteristics of larger animals, such as ﬁsh or
crayﬁsh. Other benthic N-cycling rates, such as denitriﬁ-
cation and nitriﬁcation, have been measured simultaneously
in similar chambers with acetylene addition (Teissier and
Torre 2002) and could easily be measured in chambers
with our design. Moreover, such chambers could be used
for solutes other than nutrients, such as radioisotope or
toxins, because the chambers are easy to disassemble and
clean. The use of chambers for toxicity tests may be com-
plicated by our use of materials, such as the brass from
shafts, which have known toxic eﬀects, but brass could be
replaced with nontoxic materials such as stainless steel.
Overall, we see potential for a wide variety of uses by aquatic
ecologists interested in measurements made at small spa-
tial scales in systems with unidirectional ﬂow.
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